Abstract: Diagenesis is one of the factors that affect reservoir quality in sandstones. Knowledge of diagenetic transformation and how it impacts the development of porosity in reservoirs rocks is thus key to successful mineral exploration. To date, little is known about the diagenesis of the uranium-hosted sandstones of the Stormberg Group, Karoo Basin, South Africa. Petrographic study, scanning electron microscopy (SEM) aided with energy dispersive Xray (EDX), and X-ray diffraction (XRD) analyses were employed for the diagenetic study of the sandstones. This study aims to provide an account of the diagenesis of these rock units and how it impacts their reservoir quality. The diagenetic processes that have affected the sandstones are cementation, compaction, recrystallization, replacement, mineral overgrowth and dissolution. These processes have passed through early, late and uplift-related diagenesis. Formation of authigenic minerals and precipitation of the mineral cements occurred during different diagenetic phase but mostly during the early diagenetic stage. This stage was followed by lithification, which resulted in increased in grain packing, loss of pore spaces and thinning of bedding. Quartz and feldspar overgrowths, chloritization, muscovitization, concave-convex contacts, recrystallization, albitization and suture contacts are present in the late diagenetic stage. The uplift-related diagenetic stage was affected by calcitization, grain deformation and fracturing, dissolution and saussuritization. All these diagenetic processes largely affected the porosity and permeability of the sandstones. Primary and secondary porosi-
Introduction
Diagenesis affects sediments after their deposition and during or after their lithification, thus influencing the amount and distribution of porosity and permeability in sedimentary rocks. Diagenesis includes a fundamental suite of physical, chemical and biological processes. These processes control the texture, mineralogy and fluidflow properties of sedimentary rocks [1] . Porosity and permeability in rocks (i.e. sandstone) may be destroyed or preserved or/and enhanced by diagenesis [2] . Porosity and permeability are initially influenced by the depositional environment and thereafter controlled by diagenesis. Hence, understanding the processes and products of diagenesis is therefore a key aspect in the evolution of sedimentary basins, and affects the destruction, preservation and generation of porosity [3] . Recent studies and progresses in diagenetic study have resulted in more accurate estimates or predictions of sandstone reservoir quality. Petrographic studies are important for characterizing the types, timing and rate at which diagenetic processes affect porosity and permeability in sandstones [4] . In most cases, reservoir quality and heterogeneity of sandstones are functions of primary depositional factors (i.e. mineral composition, grain size and sorting etc.) and secondary diagenetic modifications [5] . As documented by [6] , these depositional factors tend to control the depositional porosity and permeability of the sandstones and subsequently affect the types and extent of diagenetic alterations. On the other hand, diagenetic modifications usually bring out the changes or variations in the depositional porosity and permeability. As burial depth increases, porosity and permeability are often reduced by compaction and cementation, enhanced by dissolution, and preserved by processes like grain coatings [2, 7, 8] . Burial diagenesis processes alter/or change and eventually determine the porosity and permeability of the reservoir, hence having a significant impact on the clastic reservoirs quality [4] . The relationships between these processes resulting in the formation of reservoirs with a wide range of porosities and permeability is documented by researchers like [2, [8] [9] [10] . However, the main factors affecting diagenesis are not well understood and diagenetic changes or modifications in reservoir properties remain highly unpredictable since a variety of diagenetic processes and products are very high in clastic sediments, particularly sandstones [11] .
The Stormberg Group is the name assigned to the sedimentary geological formations of the Late Triassic to Jurassic Period, found in the southern Karoo basins. Sedimentation of the Stormberg Group is related to different basins in which sediments accumulated during the Late Triassic. The Stormberg siliciclastics are widely distributed over southern Africa; the basin roughly covers an ovalshaped area in the Eastern Cape Province of South Africa, extending northwards into the Free State, KwaZulu-Natal and Lesotho [12] . Diagenetic changes in the Stormberg siliciclastic rocks have huge influence on reservoir quality by modifying the rock's original porosity, permeability and mineralogy. In South Africa, uranium-enrichment in the Stormberg Group has been recorded in the fluviallydeposited sandstones [13] . According to [14] , this uranium perhaps might have been derived from granitic terranes to the south-east in the Main Karoo Basin and transported and deposited owing to entrainment, adsorption onto clay minerals or in solution. The efficient exploitation of this mineral deposits depend on several factors, including better understanding of the impact of diagenetic alterations on the host sandstones. To date, there are very few published studies on the diagenesis of the clastic rocks from the Stormberg Group in the whole of southern Africa. The purpose of this study is to examine if diagenesis has significantly altered the original petrologic characteristics of the Stormberg Group sandstones after deposition as well as the impact of diagenesis on their quality as potential clastic reservoirs. The study focuses on the cement types, pore types, and sequential diagenetic transformations and associated mineral assemblages in the sandstones of the Stormberg Group.
General geology and stratigraphy
The Main Karoo Basin is a large sedimentary depository lying north of the Cape Fold Belt in South Africa [15] . The basin developed within the "continental interior of southwest Gondwana" [16, 17] and covers up to 700, 000 km 2 [18] , but it was broader or wider during the Permian [19] . It represents about 117 Ma of sedimentation spanning from 300 Ma to 183 Ma [18] . The Karoo Basin covers almost half of the present surface of South Africa and encompasses the great Gondwana succession of glacial, marine, deltaic, fluvial and aeolian sedimentary units capped by Jurassic basalts [20] . [15, 21] are of the view that the Karoo sediments were accumulated within an intracratonic retro-arc foreland basin and that a number of processes influenced the depositional settings including different climatic regimes. The tectonic activities that took place were in response to the subduction of the PaleoPacific plate beneath the Gondwanan plate, and this triggered basinal subsidence which facilitated the building of the adjacent Cape Fold Belt [22] . The glaciers that covered the Karoo Basin during the Carboniferous-Middle Permian Period started retreating resulting in high sedimentation which filled the basin in a deep-water environment [15] . [23] interpreted the tectono-sedimentary evolution of the Karoo Basin by dividing it into a pre-foreland and foreland phase. According to these workers, the pre-foreland Karoo Basin that comprises of the Dwyka, Ecca and lower Beaufort Groups developed within the continental interior of Gondwana due to vertical movement of rigid or firm blocks and intervening crustal faults. The foreland Karoo Basin (comprising of the upper Beaufort Group) developed as a response to the uplift of the Cape Fold Belt during the Early Triassic. The sedimentation that occurred in the retroarc foreland setting (Karoo Basin) was controlled by the orogenic cycles of loading and unloading in the Cape Fold Belt [15] . As documented by [24] , the sedimentary part of the Main Karoo Basin of South Africa comprises of the Dwyka (Late Carboniferous-Early Permian), Ecca (Permian), Beaufort (Late Permian-Triassic) and Stormberg Groups (Late Triassic-Early Jurassic, Table 1 ). The Stormberg Group is an informal stratigraphic division name, which is made up of three formations, namely, Molteno, Elliot and Clarens Formations (Figures 1 and 2) . The study area extends from longitude 26 ∘ 30' E to 28 ∘ 15' [18, 24] ).
Diagenesis and rock properties of sandstones from the Stormberg Group E and latitude 31 ∘ S to 32 ∘ S (Figure 1 ). It covers the areas from Indwe, Elliot, Rossouw, Dordrecht, and Barkly East in the Eastern Cape Province of South Africa. Greater parts of the Molteno, Elliot and Clarens Formations are exposed in areas around Indwe, Elliot and Rossouw, respectively (Tables 2-8) . Much of the Clarens massive sandstone beds and aeolian dune sediments are exposed in the Barkly East area. The Triassic Molteno Formation was deposited within braided river channels and resulted in the formation of conglomerate, sandstone, shale and mudstone as well as coal seams [25, 26] . The Molteno Formation can be subdivided into the basal Boesmanhoek Member, the Indwe Sandstone Member and the upper Kramberg Member [27] . The Elliot Formation that overlies the Molteno Formation comprises of lateral continuous floodplain mudstones and associated fluvial sandstones. The sandstones of the Elliot Formation are often coarse and gritty at the base, very persistent and also calcareous [12, 28] . The strong red or purplish colouration, distinguishes the Elliot Formation from the Molteno Formation below and from the white and cream coloured Clarens Formation that overlies it ([28] ; Figure 2 ). The Late Triassic to Middle Jurassic basin fill habitually lacked drastic lateral facies changes such as thickness variations, resulting in only two major lateral changes along the south-north profile [29] . The southern boundary of the present preserved area of the upper Karoo strata further defines the southern limit of the "Stormberg" basin situated north of Queenstown [15] . Much of the northern boundary of the Basin is believed to have been removed by post Karoo erosion [28] . According to [15] , the Elliot Formation was deposited when the proximal sector of the system was uplifted, eroded and the reworked sediments were transported into the distal sector which acted as a depositional foresag. The Elliot Formation sequence highlights that depositional energy greatly reduced with time and that aeolian conditions prevailed towards the end of the Elliot deposition [30] . A transitional zone of alternating sandstone and shale beds with an increasing sandstone/shale ratio is formed towards the top of the Elliot Formation [31] . The transition zone represents the beginning of aridity and spreading aeolian sands [31] .
The Clarens Formation is the youngest sedimentary deposit in the Karoo Basin. The Clarens Formation that overlies the Elliot Formation represents the final stage of the aridification process. It consists of sandstones and sandy siltstones formed from aeolian processes [15, 26] . The gradual change in climate resulted in uneven contact between the Clarens Formation and the underlying Elliot Formation and this has resulted in the presence of thin beds of red mudstones in the Clarens Formation and thin beds of sandstones in the Elliot Formation [30] . At some point, deposition of both formations took place at the same time due to gradual impingement of aeolian sands upon the area [30] . The mudstones and many thin lenses of sandstone and siltstone are generally brilliant red, especially in the upper part of the Elliot sequence. The red colour is due to the presence of haematite, derived from either pre-existing soils or from red beds, and it forms a coating of iron oxide (hematite) around the grains. The red colour generally indicates arid or semi-arid climate [32] . The Clarens Formation contains a central zone that indicates a true desert condition which is dominated by an aeolian dune environment and the westerly wind transported the sand [33] . As documented by [34] , towards the final stage of deposition of the Clarens Formation, the climate became fairly moderate and wet desert processes of stream and sheet flood became more dominant [15] . The Clarens Formation is overlain by the basaltic lavas of the Drakensberg that forms the top of the Karoo sequence, and is believed to have terminated sedimentation within the basin in the Middle Jurassic [24] .
Methodology
Field investigation was conducted on exposures of the Stormberg Group in the Eastern Cape Province to analyse the lithologies, measure the bed thicknesses and take fresh rock samples for analyses. A few outcrops around Indwe, Elliot, Rossouw, Dordrecht, and Barkly East were selected for this study (Figures 1-2 ; Tables 2-8). Thin sections of 84 representative rock samples collected from the field were prepared (thin slices of rocks were mounted with epoxy on glass slides and ground to a thickness of 35 microns) and studied under reflected and transmitted light microscope to determine their mineral compositions, rock textures, shape and size of grains as well as the cement types. Furthermore, a total of 20 samples were cleaned properly and glued on a glass microscope slide using Struers specifix resin mixed with Struers specifix-40 curing agent in the ratio 5:2 by weight. The mounted samples were left for 24 hours so that the samples get stuck to the microscope slide. After the samples had been stuck to the microscope slide, the samples were carbon coated with a Cressing Carbon Coater 108 machine and were analysed with the scanning electron microscope (SEM) equipment modelled as Jeol JSM-6390LV, with an accelerating voltage of 15kV. The SEM instrument was equipped with a link system Energy Dispersive X-ray micro-analyser (EDX). The samples were examined in secondary electron imaging (SEI) and backscattered electron (BSE) modes of imaging. Clay minerals, mineral alterations, diagenetic textures, pore geometry, mineralogy of the sandstones were described based on the petrographic microscopy, SEM and EDX analyses. SEM and thin sections petrographic study were carried out at the University of Fort Hare, South Africa. Mineralogy of the sandstones was also determined by X-ray diffraction (XRD) at the Council for Geoscience laboratory in Pretoria.
Results

Cementation
Cementation is the diagenetic process by which authigenic minerals are precipitated in the pore spaces of loose sediments. The cement types identified in the studied sand- stones are quartz cement, calcite cement, smectite cement, kaolinite cement and hematite cement.
Silica/Quartz cementation
Quartz overgrowth is the most common type of silica cement in all the three formations and the Molteno Formation has more silica cement than to the other two formations. The silica cement precipitated around the detrital grains. The pore filling cement formed authigenetically in situ from pore-fluids. The overgrowths (Figure 3) give the quartz grains more euhedral shapes ( Figure 4 ). Silica cementation tends to originate from pore fluids which are enriched in silica and precipitated as overgrowths.
Calcite cementation
Calcite cementation is another type of cement in the sandstones of the Molteno, Elliot and Clarens Formations, with the latter formation having the highest content of calcite cement. This cement mostly occurs as a pore-filling and replacement mineral of clay matrix and detrital grains, perhaps, could signify precipitation in different diagenetic stages. The calcite cement tends to corrode the grain margins to produce irregular shaped grains ( Figure 5 ). Most of the clay minerals (i.e. illite and sericite) and detrital grains were seriously attacked and replaced by calcite (Figure 5 ). Precipitation of calcite cements tends to suppress later quartz overgrowth formation and/or feldspar alteration and can result in reduction of porosity and permeability.
Feldspar cementation
Feldspar cement is not a common cement types in the sandstones. This cement exists as pore-filling and as overgrowths around detrital K-feldspar grains ( Figure 6 ). Feldspar overgrowths act as authigenic feldspar porefilling cement and possibly indicate early diagenetic mineral. Occasionally, the feldspar overgrowth has hematite around the original detrital grain. Much of the feldspars grains are mostly replaced by sericite or illite.
Hematite cementation
Hematite cement is not as common as other types of cement in the sandstones. The cement precipitates directly in the intergranular pore space or line on the grain surfaces, visible as reddish-brown rims on grain surfaces (Figure 7) . Most of the clay minerals and detrital grains have been stained by iron oxide, thus they show reddish stain colour.
Clay mineral cementation
Clay minerals are the most common cementing materials in the sandstones of the Molteno, Elliot and Clarens Formations. These minerals behave as pore lining and pore-filling cements. Smectite, kaolinite, chlorite and illite are the most common authigenic clays in the sandstones. These clay minerals are sometime formed due to recrystallization of fine matrix and dissolution of K-feldspars. Furthermore, they may also have been formed as a result of modification or alteration of one kind of clay mineral to another, for instance, both smectite and kaolinite were transformed into illite. Smectite recrystallized into illite and chlorite, kaolinite recrystallized into illite. Illite also further changed to sericite, which later recrystallized to muscovite.
(1) Kaolinite clay
Kaolinite cement mostly occurred as pore filling and lining clay mineral and sometimes as a replacement mineral. The pore filling aggregates which appears as booklet vermicules ( Figure 8 ). Altered K-feldspars are a source of silicon and aluminium to form kaolinite [35] and not exclusive to early diagenesis. The low percentage of kaolinite in the samples (Table 9 ) implies that pore waters may have been depleted in silicon and aluminium ions and/or due to transformation into chlorite in the late diagenetic stage. (2) Smectite clay SEM examinations revealed that smectite clay occurred in small fractions in the form of thin fibres/flakes coating detrital grains ( Figure 9) . Furthermore, the smectite occurred as infiltrated clays, authigenic cement as well as mud intraclasts. In some cases, illite grows from the surface of the cornflake-shaped smectite or forms the mixed illite-smectite interlayers. It tends to have high aluminium/silicon content and thus it is a potential source for quartz cementation when it is dissolved or altered.
(3) Illite clay
Illite clay occurs as pore filling and lining clay minerals. It also occur as booklets and vermicular stacked platelets that resemble kaolinite (Figure 10a ). SEM examinations revealed the transformation of smectite to illite (Figure 10a ) through the process of illitization. Illitization usually occur after the precipitation of kaolinite and smectite and requires influx of potassium under a higher temperature [2, 36] . Illite commonly retains the shape of its predecessors especially when it is formed due to dissolution of kaolinite [2] . The formation of illite requires a growth medium (pore fluid and space) with high potassium, silica and aluminium compositions. The EDX spectral line (Figure 10b) shows that the mineral is mainly composed of silica and aluminium, whereas potassium, iron and magnesium elements only occur in small quantity.
Discussion
Styles in grain compaction
Rock texture is revealed by the geometrical relationships of the grains and matrix [37] . The degree of compaction varies considerably, ranging from nearly noncompacted to moderately and to strongly compacted sediments [38] . As compaction continues, the ductile grains became squeezed between quartz clasts, forming a dispersed pseudo-matrix. The amount of plastic deformation and framework collapse is dependent upon the amount of lithic fragments and on the time of introduction and quantity of cementation [39] . The grain contact patterns gradually change from non-contact (floating packing) to point contacts to long contact, then to concavo-convex contact and finally to sutured contact ( [40] ; Figure 11 ). In the case of more rigid grains, the mechanical compaction caused floating and point contacts to become long contacts and fracturing of rigid framework components. This strain is attributed to some of quartz grains developing undulose extinction and even semi-composite undulose extinction. Chemical compaction resulted in the formation of dissolutional contacts which give concavo-convex and sutured grain contacts, both caused by pressure solutioning.
The Molteno, Elliot and Clarens Formation sandstones displayed grain contact patterns which range from point to sutured contacts as a result of progressive burial (Figure 12) . The grain-to-grain contacts are mainly parallel to the long-axis of the individual grains suggesting that the grains were mechanically compacted. In sandstones, longaxis grain contacts are mostly representative of intermediate burial depth and concave-convex and sutured contacts are as a result of intense compaction and pressure dissolution processes during deep burial diagenesis.
Grain deformation and fracturing
Grain fracturing, though not intense, was observed on some detrital quartz grains in samples from Molteno Formation ( Figure 13 ). Some muscovite grains also have been deformed due to pressure dissolution. Optical microscope observations of thin sections also show that these sandstones have undergone chemical compaction which involves dissolution, recrystallization and precipitation because points of contact between grains are susceptible to dissolution which is an apparent response to overburden weight and higher stress [41] . There are various factors that affect the rock mechanical properties, including the component grains, textures, structures, porosity, permeability and pore fluids of the rocks [40] . Grain fracturing provides key evidence of the processes of compaction, consolidation, and the patterns of fluid flow. Grain fracturing takes place mostly during late diagenesis and is influenced by processes such as dissolution, which tends to enlarge the fractures. As compaction, tectonic compression and other diagenetic processes continue to occur, the mineral particles turn from a point contact to a lineal grain contact. In this process, micro fractures such as grain boundary and intragrain fractures develop (Figure 14 ).
Dissolution
As documented by [40] , dissolution mostly involves the removal in solution of all or part of previously existing minerals, leaving pore spaces in the rocks. Dissolution creates crack and sometimes form sutured grain contacts due to pressure solution along grain boundaries ( Figure 15 ). Also, it tends to facilitate the silica source for quartz cement and overgrowths and sometime creates a brownish iron rim or dust seam around the grain. Quartz overgrowths in sandstones without pressure solution effects may reflect significant upward migration of silica rich solutions from more distant sites of pressure solution or rather indicate other silica sources [42] . SEM observation revealed that some kaolinite and albite grains were formed due to dissolution of weak detrital K-feldspars, which also releases silica, thus providing silica source for the formation of authigenic quartz. The dissolution and replacement of feldspar to illite also favoured the formation of authigenic quartz. Secondary porosity may have been created by the dissolution of the authigenic minerals or sedimentary grains. During compaction, dissolution processes contribute to the alteration of smectite to illite under deep burial when fluids are removed from the intergranular spaces [43] . Dissolution processes were most prevalent in the samples from the Molteno and Elliot Formations which are dominated by major quartz overgrowths.
Mineral replacement
Replacement occurs when pore fluids are not in equilibrium with the fragments within the rock, thus promoting solution-precipitation reactions [1] . During this process, texture and composition of rocks are altered and further migration of fluids tends to promote cementation. In terms of porosity, replacement processes tend to promote secondary porosity. Petrographic study of the samples collected from the three shows that formations, authigenic minerals tend to replace some cements and grains. Replacement of quartz, feldspars and clay matrix by calcite ( Figure 16 ) is a common replacement process in the studied sandstones.
Recrystallization
Mineral recrystallization is a common phenomenon in the sandstones from all the three formations. Smectite gradually changes to illite, then to sericite and finally muscovite ( Figure 20) . Illite clay also occurs as booklets and vermicular stacked platelets that resemble kaolinite (Figure 10a ). This possibly indicates that they were formed as a result of partial to complete alteration or recrystallization of kaolinite and smectite [44] . Detrital grains such as quartz and feldspar also undergo vast recrystallization through the increase of crystalline size as overgrowths (Figure 21 ). Progressive recrystallization tends to increase grain size while reducing the pore space between the grains thus negatively affecting both porosity and permeability.
Nature and occurrence of authigenic minerals
Common authigenic minerals which occur in the studied sandstones include quartz, feldspar, chlorite and clay minerals such as kaolinite and smectite. 
Authigenic quartz
Most of the studied samples are found to have secondary growths on the detrital quartz grains (Figure 17 ). The grain enlargement occurs in optical continuity with the detrital core. SEM observations of the sandstones show that most of the secondary quartz grew in pore spaces with some replacing clay matrix. The more the quartz overgrowths fill the pore spaces, the more the rocks grew to have an interlocking texture forming euhedral crystalline authigenic quartz. In general, the authigenic quartz has significantly reduce the size of intergranular pores and pore-spaces, leading to a significant reduction of porosity and permeability of the sandstones.
Authigenic feldspar
Authigenic feldspar commonly occurs as rims around detrital microcline or orthoclase. In some samples the feldspars replaced the clastic calcite cement forming euhedral rims. However, the feldspar overgrowths tend to have their growth impeded due to the enlargement of nearby quartz grains. Albitization indicates dominance of sodium within formation waters during the burial diagenesis stage [45] .
Authigenic chlorite
Chlorite cement is one of the common authigenic minerals present in the samples. SEM image shows that the chlorite crystals have euhedral and sub-euhedral shapes and are arranged in rosette pattern (Figure 18a ). The crystals are arranged perpendicular to the detrital grains thus they tend to face the pore spaces. It is possible that the chlorites were formed in the late stage of the diagenetic process under intense temperature and pressure. Elements such as silicon, aluminium and potassium were released from dissolved detrital grains to form some potassium and aluminium salts. Some of the magnesium could have been supplied from the breakdown of ferromagnesian minerals into pore waters [1] . Chlorite is a common cement in channel sandstones and the Fe released as can be observed from EDX analysis (Figure 18b ) resulted in the formation of iron-chlorite in reducing environments [46] . 
Authigenic clay minerals
Clay minerals in sandstones commonly result from the alteration of feldspars. Smectite and kaolinite occurs in the samples as pore filling and pore lining authigenic clay minerals (Figure 19 ). The dissolution of the feldspars results in secondary porosity and the authigenic clay minerals form cement between the grains. Grain-coating clays are one of the earliest authigenic minerals common in fluvial, playa and lacustrine sandstone facies. Most of the clay minerals and detrital grains in the sandstones of the Elliot Formation have reddish colour stain. Clastic sediments acquire the reddish colouration from hematite which is more common in continental depositional environments such as deserts, floodplains and alluvial fans [47] . The iron could have resulted from the weathering of iron bearing minerals such as laterite in upland areas, transported and deposited along with the sediments, which are later converted to hematite under favourable moist tropical/subtropical climate conditions. This iron oxide in the form of reddish-brown cement occurs as porefilling cement, thin coatings around detrital grains and within mica flakes and along cracks boundary ( Figure 7 ). This suggests that the formation of these grain coatings occurred in the early diagenetic stage under the presence of oxygen. [47] argued that the maroon colouration of the Elliot Formation was not direct evidence of deposition in a desert environment, but was rather the result of in situ diagenetic alteration of iron-bearing minerals. Iron was released during the breakdown of unstable ferromanganese or iron oxide minerals in the sandstones under surface temperature and pressure conditions. 
Diagenetic stages
The aforementioned diagenetic processes in the sandstones of the Molteno, Elliot and Clarens Formations can be grouped into early diagenesis, late diagenesis and uplift-related diagenesis.
Early diagenesis
Time-temperature history, primary mineralogy and fabric and geochemistry of the pore water are the main factors that affect early diagenesis [1] . The processes in the early diagenetic stage include organic reworking (bioturbation), cementation (i.e. quartz and feldspar cementation, and clay-mineral authigenesis) and consolidation. These diagenetic processes often results in the destruction of primary and/or depositional porosity. The depositional environment influences the formation of sulphides in reducing environments, and iron oxides in oxidizing environments [48] . Also, the process of cementation initialises through the precipitation of clay matrix (cements), quartz and feldspar cements and overgrowths and authigenic clay minerals (Figures 3, 9 and 19 ). The cementation tends to cause moderate lithification to the sediments. Cements such as calcite, smectite, kaolinite, quartz and feldspar cements occurred after the clay matrix, while authigenic minerals, illitization/sericitisation and compaction continue even to early stages of late diagenesis [1] . Hematite cement was precipitated after most of the clay cements, especially in the sandstones of the Molteno and Elliot Formations. Abundance of iron oxide-rich pore waters influenced much of the quartz and feldspar grain coating with reddish-brown hematite rims due to dissolution and relic precipitation.
Late diagenesis
The main factors that affect late diagenesis are increased temperature, pressure and change in pore-water compositions [40] . These factors led to physical and chemical or mineralogical changes so as to get the sediments into equilibrium with the diagenetic environment [2] . Late diagenesis in the Molteno, Elliot and Clarens Formations began with the compaction of sediments as a result of increase in overburden pressure. This led to more tightness of grain packing and partial loss of pore spaces. Thereafter, authigenic quartz and feldspars develop some overgrowths and there is also partial to complete replacement of silica minerals and clay matrix by new minerals (smectite, illite, sericite, kaolinite) thus impacting negatively on porosity (Figures 20 and 21 ). Clay mineral authigenesis led to the alteration of one clay mineral to the other (i.e. smectite recrystallized into illite and sericite or chlorite and kaolinite recrystallized into illite, while illite changed to sericite) [2] . In addition, muscovitization and albitization (Ca-plagioclase and K-feldspar is changed to albite) also occurred. Albitization of feldspar probably occurred during fracturing of the detrital K-feldspar grains. Towards the end of the late diagenetic stage, as a result of compaction, the grain contact patterns change from point to planar contact to concave-convex contact and finally to sutured contacts. Furthermore, muscovite flakes became slightly bent and deformed due to over compaction. Chloritization is also dominant within this stage, while continued calcitization processes are also observed. Grain supported sandstones are partially cemented by calcite and occurs as an early diagenetic cement as well as late diagenetic replacement mineral cement [1] . Generally, partial to complete replacement of some detrital grains and clay matrix by new minerals is a common phenomenon during late diagenesis.
Uplift-related diagenesis
Uplift and subsequent exposure of sandstones of the Molteno, Elliot and Clarens Formations to influx of surface water take the rocks into uplift-related diagenetic environment. This uplift-related diagenetic stage is characterised by mineral dissolution, grain deformation and fracturing. Replacement of feldspars (saussuritization), rock fragments and ferromagnesian minerals by clay minerals and weathering takes place during this stage [1] . Grain deformation and fracturing highlights greater amounts of compaction due to greater depths, high temperatures and load pressure (Figures 13 and 16 ; [38] ). The recrystallization process promoted an increase in crystal sizes of the grains and cements [38] . Replacement of feldspar by calcite is common and muscovite flakes became intensely bent and deformed due to over compaction. Some samples from the Molteno Formation had their grain contact patterns changed from convex-concave contact to suture contact due to pressure dissolution and over compaction. The latter easily caused grain fracturing, especially of quartz grains and grain deformation of detrital muscovite flakes. Petrography and diagenetic studies of the sandstones from the Molteno, Elliot and Clarens Formations indicate that most of the diagenetic processes that affected the minerals in these rocks are quite similar, only the intensity differs. However, there are also some differences possibly due to sedimentary facies change. The comparisons of diagenetic events of the three formations are depicted in Table 10.
Diagenetic sequence
A diagenetic sequence or pathway is derived from the continuous processes of diagenetic changes which take place to the sediments during and after diagenesis and all through geological time. Events are arranged in assumed chronological order of occurrence, thus showing the relationships amongst the diagenetic activities. The diagenetic processes and pathway for the development of different minerals in sandstones of the Molteno, Elliot and Clarens Formations is tabulated in Table 11 .
Impact of diagenesis on reservoir quality
Porosity and permeability are critical factors which determine the reservoir properties of rocks. Porosity can be classified into primary and secondary porosity. Primary pores are also known as depositional porosity and are formed during the sedimentation process, whereas secondary pores also known as post-depositional porosity are formed after deposition [49] . Petrographic and SEM examinations of the studied sandstones revealed both primary and secondary porosities. The observed primary pores are intergranular pores (Figure 22 ), intercrystalline pores and sheltered micro pores. Primary porosity in sandstones is mostly inter-particle porosity which largely depend on the textural maturity of the sediments, controlled mainly by depositional processes and environments, though to some extent compositional maturity also plays a role. Compositional maturity is related to the breaking down of unstable grains which increases the porosity in cases where the grains are soluble. However, formation of clay minerals and cements tend to reduce the primary porosity. In addition, the burial could also contribute to primary porosity reduction due to compaction as indicated by long and sutured contact between neighbouring clastic grains. On the other hand, the secondary pores are secondary intragranular pores, dissolution pores and fractured pores ( Figure 23 ). Secondary intragranular and dissolution pores are formed from the dissolution of unstable feldspar grains, clay minerals and cements. Alternatively, the fracture pores are formed as a result of structural forces and differential compaction. During late diagenesis, preferential destruction of less stable minerals or clastic grains by pore fluids produced pore spaces for secondary cementation. Another episode of dissolution which occurred during uplift-related diagenesis and involves partial removal or dissolution of earlier formed carbonate cements also creates secondary porosity. The analysed samples from the Elliot and Clarens Formations are moderately compacted, and also contain a moderate amount of cement and authigenic minerals. The distribution of cements is said to be highly dependant on changes of burial depth and the grain sizes. Under the microscope, it was observed that the Molteno Formation samples have lesser pore space network as compared to those from the Elliot and Clarens Formations, with the Clarens Formation samples having good pore network system. Fluid flow in sedimentary rocks is directly related to the porosity which also tends to greatly depend on the geometry of the pore space such as pore connectivity, pore distributions and even pore shapes. Grain size and abundance of authigenic minerals characterise the pore morphologies which tend to be modified by both cementation and authigenic mineral growth. Studies like [2, 36, 38, 44] have shown that grain size has very little influence on porosity even though an increase in grain size results in higher permeability. Also, size affects the surface area available for diagenetic reactions: the finer the grain size, the greater the grain surface area for a certain volume of sediment or rock. Sorting and porosity have a strong correlation in sandstones as it highlights the degree of how uniform the grain size is. Sorting influences reservoir quality in the sense that the better the sorting, the higher the porosity and permeability. Well-sorted sandstones tend to have a higher percentage of grains than poorly sorted sandstones, and they tend to maintain higher porosities during burial than poorly sorted sandstones. Poorly sorted sands tend to have more clay matrix, occupying the pore space. Most aeolian sediments tend to be well sorted and loosely packed thus have higher porosities. Figure 24 shows samples with different grain sizes and sorting.
Under the microscope, quartz overgrowths essentially mask the shape and roundness of detrital grains. Most of the grains appear to be sub-rounded and sub-angular shaped. The shape of sediments is depended on the distance of transportation. [49] documented that sediments composed of spherical grains tend to have lower porosities than those with grains of lower sphericity. It is mainly because the spherical grains tend to fall into a tighter packing than sands of lower sphericity. Dissolution of quartz and feldspars (mostly plagioclases) created a secondary porosity and enhanced the porosity of the Molteno, Elliot and Clarens Formations rocks. However, this secondary porosity was partially to completely filled by calcite and chlorite cements, especially in the Molteno and Elliot Formations. Very high clay content tends to have adverse effect on reservoir quality. In addition, kaolinite cement can retain up to 20% porosity and permeability when the crystal plates are not randomly stacked [50] . An upward increase of the clay minerals content in the fluvial channel filling sequence was due to a decrease in hydrodynamic energy during deposition and thus reduced porosity. It was observed that secondary porosities within the samples are associated with the dissolution of quartz grains and feldspars and the micro porosity is associated with clays and these are mostly dominant in the Elliot and Clarens Formations. 
Conclusions
This study has shown that the main diagenetic processes that have affected the rocks are cementation, compaction, recrystallization, replacement, mineral overgrowth and dissolution. The early diagenetic stage facilitated much of the cementation, mineral conversions and authigenic minerals, while quartz and feldspar overgrowths, compaction, chloritization, muscovitization, concave-convex contacts, recrystallization, albitization and suture contacts are present in the late diagenetic stage. Calcitization, grain deformation and fracturing, dissolution, saussuritization and weathering affected the uplift-related diagenetic stage. SEM-EDX and XRD analyses have identified seven types of cements which are smectite, kaolinite, hematite, calcite, quartz, feldspar and chlorite cements. Calcite cementation is also common in the Elliot and Clarens sandstones that are as a result of strong evaporation process in an arid to semi-arid climate, and in turn tend to cement the grains and reduce their porosity. Primary and secondary porosities were both observed in the studied Stormberg Group sandstones. The primary pores are formed during sedimentation process, whereas secondary pores developed during diagenesis as a result of dissolution of less stable minerals or clastic grains and cements, as well as structural forcing and differential compaction (i.e. fracture pores). In general, there is no single diagenetic process that is primarily controlling the pattern of porosity evolution in the sandstones. However, it appears that the main types of cements and compaction jointly controlled the reservoir quality of the sandstones. Mechanical compaction and authigenic cements reduce porosity and permeability. On the other hand, the presence of fractured and dissolution pores tend to enhance reser-voir quality. Grain fracturing is also common in the sandstones of the Molteno and Elliot Formations. This could be due to excessive burial compaction and these cracks tend to improve secondary porosity and permeability of reservoir rocks. Clarens Formation sandstones characteristically have the greatest pore network system and most of these pores are noted to be primary intergranular pores. All the aforementioned diagenetic processes largely affect porosity and permeability of the groundwater and mineral reservoir rock properties.
